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Summary 

Keywords: Lake Chad Basin, Kanem Region, Bahr el Ghazal Region, Groundwater Quality, 
Isotopic Analysis, Tritium 

 

Between November 2009 and December 2013, the BGR-LCBC project “Sustainable Water 
Management of the Lake Chad Basin, carried out a series of hydrogeological field surveys in 
the Kanem and Bahr El Ghazal regions, north of Lake Chad. Main purpose of the surveys 
was to gain information about groundwater quality and flow paths within the Quaternary 
aquifer in this region.  

The field surveys comprised the localisation of water points and in situ-measurements like 
water temperature, pH and specific electrical conductivity. Whenever possible, water levels 
were recorded and samples for complete anions and cations as well as for environmental 
isotopes (18O and 2H) and tritium analyses were taken. A total of 195 water points were 
visited from which 185 samples have been collected in the last four years. 

Groundwater contour lines were produced using 175 recorded water levels and surface 
elevations from ASTER (Advanced Spaceborne Thermal Emission and Reflection 
Radiometer) Elevation Data (spatial resolution 30m). The contour lines show the presence of 
a mound to the north of the lake that leads to groundwater flow in south and south-east 
direction towards the Lake Chad. A second local mound appears to the southeast of the lake, 
located in the Bahr el Ghazal sill (Durand & Mathieu, 1980). This mound impedes the water 
from the Lake Chad to flow into the fossil valley of the Bahr el Ghazal, if the lake’s height is 
lower than 286 m asl. 

Results of chemical analyses show that groundwater in the Kanem Region generally is of 
good quality for human consumption. However, care must be taken regarding high 
concentrations of iron and manganese. While this is not of hygienic concern, precipitation of 
iron and manganese give the water a metallic taste, lead to brwon stains in clothes and 
cause clogging of installations and as such will not be accepted by the population for 
consumption. Aluminium is also a problem in some places, especially at Royono and Belte. 

Groundwater is not suitable for human consumption in the Bahr el Ghazal region, due to the 
elevated concentrations of fluoride and arsenic. It is recommended that alternative drinking-
water sources are investigated. Additionally, concentrations of sodium, chloride, sulphate, 
iron, manganese, aluminium and nitrogen compounds exceeding the respective WHO limits 
are widespread in the Bahr el Ghazal region. 

Furthermore, poor water point management and/or lack of hygiene lead to a widespread 
presence of nitrogen compounds (ammonium, nitrite, and nitrate) at concentrations above 
the limit set by the WHO. It is recommended that management strategies in the whole study 
area are improved to avoid punctual pollution via animal or human faeces that give place to 
ammonium, nitrite and nitrate. Awareness of the population might be needed to reach the 
desired effects. 

The analysis of environmental isotopes has shown that groundwater along the shore of the 
lake and in the Bahr el Ghazal areas is recharged by precipitation that experiences 
evaporation effects. 

Tritium results indicate recharge before the 1950’ in most of the Kanem area. Recharge at 
about 40 years from now is measured along the shore of the Lake Chad. It corresponds to 
the 1970’, when the lake occupied an area of some 23,000 km² and the open water surface 
reached the shore. 

 

https://www.researchgate.net/publication/32990974_Evolution_paleogeograp-hique_et_paleoclimatique_du_bassin_Tchadien_au_Pleistocene_superieur?el=1_x_8&enrichId=rgreq-c614ecf6db9c645f641897ee95900160-XXX&enrichSource=Y292ZXJQYWdlOzI5MTM1MjIwMTtBUzozMjA2NzAzNjQzMDc0NTdAMTQ1MzQ2NTE4MDc1MQ==
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1. Introduction 

The program “Sustainable Water Management of the Lake Chad Basin” is a technical 
cooperation program between the Lake Chad Basin Commission (LCBC) and the German 
Federal Ministry for Economic Cooperation and Development (BMZ). The program consists 
of three different components: “organization development” and “climate change adaptation” 
performed by the Gesellschaft für international Zusammenarbeit (GIZ) and “groundwater 
management” executed by the Federal Institute for Geosciences and Natural Resources 
(BGR). 

The main goal of the technical project of the BGR is to strengthen the analysis and 
monitoring functions of the LCBC regarding groundwater and surface waters in the basin. 
The technical cooperation started in 2007 with a first project phase that lasted up to August 
2011. The current project started in September 2011 and is scheduled to end in December 
2014. 

In order to improve the knowledge of the LCBC regarding groundwater characteristics in the 
Lake Chad Basin, the project performed several field campaigns in different areas of the 
Lake Chad Basin. The present report investigates the Kanem and Bahr el Ghazal region 
located to the north and north-west of the Lake Chad, in Chad Republic. 

Various surveys to the regions were carried out for in-situ measurements and sample 
collections in 2009 and 2010 during the first project phase, and in 2013 during the second. 
In-situ measurements included the localisation of water points, and the measurement of 
water level, water temperature, pH and electrical conductivity. The collected samples were 
analysed at the BGR laboratory in Germany for main anions and cations as well as trace 
elements. Stable isotopes (oxygen-18 - 18O and deuterium - 2H) were also measured at the 
BGR laboratory. Tritium measurements were performed at the University of Bremen in 
Germany. A total of 195 water points were visited of which 185 have been sampled by the 
project up to now. Results of the obtained analyses are presented below.  
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2. Study Area 

The study area is located to the north of the Lake Chad between latitude 13° and 15.5° North 
and longitude 14° and 17.5° East and comprises an area of about 105,260 km² (Figure 1). To 
the northwest, the region is characterized by the presence of a system of fixed dunes striking 
in NW-SE direction. They are located transversal to the main wind direction from the north-
east (Harmattan) and can reach heights up to 80 m. The dune system reaches heights of 
maximal 475 m asl. This system of dunes continues to the south of the study region, defining 
the Harr plateau at heights of 300 m asl. 

Widespread sandy plateaus define the central and east parts of the study area. The Soulia 
plateau to the east is occupied by the fossil valley of the Bahr el Ghazal, which is the outflow 
of the Lake Chad when its level overpasses 286 m asl and discharges into the “Pays Bas” at 
a height of 180 m asl to the north-east (Schneider, 1969; Durand & Mathieu, 1980). 

 
Figure 1. Lake Chad Basin and location of the study area 

2.1 Climate 

The study region extends from a sub-arid Sahelian climate in the south to a Saharian climate 
northern of latitude 15° North (Schneider, 1969). Mean annual precipitation varies from 
300 mm in the south to less than 100 mm in the north (9ème FED, 2011). The rainy season 
lasts over 3-4 months (from June to September) with very strong interannual variations. 
Humidity varies between 25 % in February-March and 77 % in August. 

The mean annual temperature is 29 °C and ranges between 7.3 °C in January and 47.2 °C in 
May (9ème FED, 2011). 

The annual potential evaporation of more than 2000 mm/a is very high (a value of 
2320 mm/a has been measured for open Lake Chad water at Bol). Maglione (1968) reports a 

https://www.researchgate.net/publication/32990974_Evolution_paleogeograp-hique_et_paleoclimatique_du_bassin_Tchadien_au_Pleistocene_superieur?el=1_x_8&enrichId=rgreq-c614ecf6db9c645f641897ee95900160-XXX&enrichSource=Y292ZXJQYWdlOzI5MTM1MjIwMTtBUzozMjA2NzAzNjQzMDc0NTdAMTQ1MzQ2NTE4MDc1MQ==
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potential evaporation in the order of 3200 mm/a for the region adjacent to the Lake Chad 
between latitude 13.5° and 14° North. 

2.2 Geology 

According to Schneider (1969), the Lake Chad basin in the study area is composed of a 
sequence of layers of different ages and thicknesses. The deepest known layer is the 
Continental Terminal (Oligocene/Miocene) composed of sandstones of some 200 m 
thickness and located at depths between 400 m and 600 m below surface. Overlying, the 
Lower Pliocene composed of fluvio-lacustrine sands is encountered. The Upper Pliocene 
follows, a massive layer of clays of 200-300 m of thickness. The uppermost layer is 
composed of Quaternary sands with different sub-formations as follows: 

• Moji Series (early Pleistocene): a fluvio-lacustrine clayey series with evaporites (gypsum) 
to the north of Kanem which are underlying the 

• eolian sand dunes of the “Ogolien” age, a french term that defines a period of dune 
formation from 20,000 to 13,000 years BP (Swezey, 2001). These dunes appear mainly 
to the north of the Lake Chad and are essentially composed of quartz sands (Eugster & 
Maglione, 1979). The interdunal valleys up to a distance of 30 km from the ancient lake 
shore are often occupied by sodium-carbonate containing evaporites known as 
“natronières” (NaHCO3·Na2CO3·2H2O), which are exploited as sodium-carbonate salt 
especially in the surroundings of Lioua (Liwa) and Kaya (Maglione, 1968; Maglione, 
1969; Eugster & Maglione, 1979). 

Servant & Servant (1970) described the recent Quaternary in the area, more precisely along 
the Soulia plateau, which is traversed by the Bahr el Ghazal. They consider two different 
formations: 

• Soulia Series (of Pleistocene age, typical for the Soulia Plateau) with an average 
thickness of 80 m composed of eolian sands forming most of the dunes in the area, with 
layers of lacustrine origin at the bottom that indicate wetter climatic periods at the 
beginning of the deposition. It has been dated at 41,000 to 22,000 years BP.  

• Labdé Series (holocene, contemporaneous to late-glacial and postglacial times in 
western Europe), a relatively thin formation composed of eolian sands at the bottom 
covered by lacustrine sands (12,000 years BP) and further by some 10 m of clay (9,000 
years BP). 

The description of the Quaternary mirrors the climatic variations with long dry periods 
intercalated with humid phases. As a result, the extension of the Lake Chad has fluctuated 
enormously, reaching various stages that vary from a maximum of some 330,000 km² to the 
actual size of 3,000 km² during the dry season (IRD, 2014). 

2.3 Hydrogeological Setting 

From the hydrogeological point of view, the Continental Terminal is an artesian aquifer in the 
surroundings of the Lake Chad. The groundwater is of the sodium-bicarbonate type with a 
mean concentration of total dissolved solids (TDS) of 600 mg/l (Schneider, 1969). The 
presence of high iron concentration is very common as a result of anaerobic conditions in the 
aquifer (Schneider, 1969). 

The Lower Pliocene contains freshwater of the sodium-calcium-bicarbonate type. This 
aquifer is also artesian in the surroundings of the Lake Chad (Schneider, 1969). 

The Quaternary forms a regional aquifer characterised by different depositional 
environments. The aeolian dunes that occupy the central part of Kanem region give place to 
an unconfined aquifer composed only by quartz sand. The Soulia plateau and the region 
close to the lake shores are of fluviatile and lacustrine origin and thus, composed of a 
superposition of sand and clay layers. The aquifers vary between semi-confined and 
confined depending on their relative position to the clay layers. 

https://www.researchgate.net/publication/32999094_Presence_de_gaylussite_et_de_trona_dans_les_natronieres_du_Kanem_pourtour_nord-est_du_lac_Tchad?el=1_x_8&enrichId=rgreq-c614ecf6db9c645f641897ee95900160-XXX&enrichSource=Y292ZXJQYWdlOzI5MTM1MjIwMTtBUzozMjA2NzAzNjQzMDc0NTdAMTQ1MzQ2NTE4MDc1MQ==
https://www.researchgate.net/publication/32998582_Premieres_donnees_sur_le_regime_hydrogeochimique_des_lacs_permanents_du_Kanem_Tchad?el=1_x_8&enrichId=rgreq-c614ecf6db9c645f641897ee95900160-XXX&enrichSource=Y292ZXJQYWdlOzI5MTM1MjIwMTtBUzozMjA2NzAzNjQzMDc0NTdAMTQ1MzQ2NTE4MDc1MQ==
https://www.researchgate.net/publication/32998582_Premieres_donnees_sur_le_regime_hydrogeochimique_des_lacs_permanents_du_Kanem_Tchad?el=1_x_8&enrichId=rgreq-c614ecf6db9c645f641897ee95900160-XXX&enrichSource=Y292ZXJQYWdlOzI5MTM1MjIwMTtBUzozMjA2NzAzNjQzMDc0NTdAMTQ1MzQ2NTE4MDc1MQ==
https://www.researchgate.net/publication/32997767_Les_formations_lacustres_et_les_Diatomees_du_Quaternaire_recent_du_fond_de_la_cuvette_tchadienne?el=1_x_8&enrichId=rgreq-c614ecf6db9c645f641897ee95900160-XXX&enrichSource=Y292ZXJQYWdlOzI5MTM1MjIwMTtBUzozMjA2NzAzNjQzMDc0NTdAMTQ1MzQ2NTE4MDc1MQ==
https://www.researchgate.net/publication/222354533_Eolian_sediment_responses_to_late_Quaternary_climate_changes_Temporal_and_spatial_patterns_in_the_Sahara?el=1_x_8&enrichId=rgreq-c614ecf6db9c645f641897ee95900160-XXX&enrichSource=Y292ZXJQYWdlOzI5MTM1MjIwMTtBUzozMjA2NzAzNjQzMDc0NTdAMTQ1MzQ2NTE4MDc1MQ==
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The deeper layers like the Moji series contain groundwater of sodium-sulphate- type. The 
upper Pleistocene and contemporaneous sands are characterized by a good hydraulic 
conductivity and by groundwater of drinking water quality. TDS is generally very low 
(<400 mg/l) indicating direct recharge from precipitation (Schneider, 1969). 

Few data regarding transmissivity of the aquifers in the area are available, but all show good 
conductivity. According to Schneider (1969), the transmissivity of the Ogolian sands varies 
between 1E-2 m²/s and 7E-2 m²/s. Massuel (2001) published a value of 2E-2 m²/s for the 
sands of the Pleistocene. 

2.4 Land Use and Population 

The population in the Kanem region is mainly sedentary with Mao as capital of department. 
In the Bahr el Ghazal region, the population is predominantly nomadic. This region houses 
more than one third of the nomad population of Chad (9ème FED, 2011).  

The main economic activities are agriculture and livestock breeding. Agricultural production 
takes place in the dune valleys or along the local lakes, as well as along the shore of the 
Lake Chad by means of polders (Figure 2). These are dune valleys flooded by the lake that 
are closed with dams to separate them from the lake and thus to allow for slow inflow and 
outflow of lake water. 

 
Figure 2. Channel and watergate for irrigation with Lake Chad water at the Bol polder (Photo: BGR) 

Livestock breeding is always based on transhumance. The Kuri, an endemic cattle, is bred in 
the proximities of the lake. Camels and goats are raised in the whole Kanem area (Figure 3). 
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Figure 3. Animal breeding by nomads (Photos: BGR) 
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3. Methodology 

Various field surveys to the Kanem and Bahr el Ghazal areas were performed over 4 years 
from November 2009 to December 2013. Goal of the campaigns were the localisation of tube 
wells, hand-dug wells and piezometers and, whenever possible, the record of static water 
levels and the analysis of total anions and cations and trace elements. Most of the water 
points were also sampled for analyses of deuterium (²H), oxygen-18 (18O) (175 samples) as 
well as in some cases tritium (51 samples). In total, 185 groundwater samples were analysed 
for their chemical composition and 175 water level measurements were recorded (Annex 1). 
Sample distribution is illustrated in Figure 4. 

Coordinates of sampling points were recorded by means of a hand-held Garmin GPS. 
Temperature (°C), pH and electrical conductivity (µS/cm) were measured in situ using a 
multi-sensor set (WTW-Multi 3430). Water levels were recorded using a level probe (WTW). 
Samples from hand-dug wells were collected using a bailer, drilled wells using the 
corresponding pump. 

 
Figure 4. Location of sample points. Red dots correspond to samples from the first project phase, 
triangles to the second project phase. 

Total anions and cations as well as trace elements were measured in the BGR laboratory in 
Hanover, Germany by means of ionic chromatography (IC) and emission spectrometry with 
induced coupled plasma (ICP-OE). Deuterium (2H) and oxygen-18 (18O) were determined at 
the BGR laboratory using a Picarro instrument based on cavity ring-down spectrometry. 
Tritium values were measured in the University Bremen, Germany. 

The following sections will present the results obtained from the various analyses. 
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4. Results and Discussion 

4.1 Groundwater Level 

Although measurements took place over a period of time of 5 years, seasonal groundwater 
level variations are very low (lower than 10 cm). Therefore, a total of 85 groundwater level 
measurements from 2009 to 2011 and 90 groundwater level measurements from 2013 were 
used to produce a groundwater level contour map (Figure 5). To determine water-table 
elevation (m asl) out of the depth to water measurements (m) information about surface 
elevation is indispensible. Due to the fact that triangulated ground surface elevations were 
not available, the ASTER global digital elevation model was used instead. It has a spatial 
resolution of 30 m x 30 m and is a product of NASA and METI. 

 
Figure 5. Groundwater contour lines plotted using measured rest water levels and ground surface 
heights from the ASTER global digital elevation model 

Although surely at a low rate, recharge takes place in the Kanem area as indicated by the 
mound to the north of the Lake Chad (Figure 5). Groundwater is at an elevation of 330 m asl, 
and thus some 50 m above the actual level of the lake (environ 283 m asl). Discharge areas 
are the Lake Chad in the south and the Bahr el Ghazal in the southeast. 

A second small local mound appears to the northwest of Am Dobak and is situated in the 
Bahr el Ghazal sill (Durand & Mathieu, 1980). This sill acts as a sort of barrier and impedes 
the water from the Lake Chad to flow into the fossil valley of the Bahr el Ghazal, if the lake’s 
height is lower than 286 m asl. 

https://www.researchgate.net/publication/32990974_Evolution_paleogeograp-hique_et_paleoclimatique_du_bassin_Tchadien_au_Pleistocene_superieur?el=1_x_8&enrichId=rgreq-c614ecf6db9c645f641897ee95900160-XXX&enrichSource=Y292ZXJQYWdlOzI5MTM1MjIwMTtBUzozMjA2NzAzNjQzMDc0NTdAMTQ1MzQ2NTE4MDc1MQ==
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4.2 Hydrogeochemistry 

Annex 2 presents descriptive statistical results of the chemical components measured in the 
Kanem region (129 samples) and the Bahr el Ghazal region (56 samples). Whenever 
adequate, the corresponding limits according to the World Health Organisation (WHO) 
(2011) are given. 

4.2.1 Total Dissolved Solids – TDS (mg/l) 

The total dissolved solids indicate the total amount of salts contained in the water. Values 
below 1,500 mg/l are considered adequate for human consumption. TDS values between 
1,500 mg/l and 3,000 mg/l indicate brackish water that is appropriate for livestock 
consumption but should not be used for irrigation. If TDS concentration is above 3,000 mg/l, 
water is generally considered too salty for any kind of consumption.  

TDS values vary between 111 mg/l and 1,443 mg/l with an average of 328 mg/l in the Kanem 
region, and between 137 mg/l and 8,159 mg/l with an average of 1,860 mg/l in the Bahr el 
Ghazal region. Figure 6 illustrates the TDS distribution. 

 
Figure 6. Distribution of total dissolved solids (mg/l) in groundwater of the study area 

TDS concentrations indicate that, in general, groundwater is adequate for human 
consumption, expecially in the Kanem area to the northwest of the study area. Within the 
fossil valley of the Bahr el Ghazal, TDS values are higher and groundwater may only be used 
for animal consumption. However, in the case of ten hand-dug wells, the TDS concentration 
is above 3,000 mg/l and groundwater is thus inadequate for any consumption. 

TDS in the study area shows a very good correlation with sodium and sulphate, as shown in 
Figure 7, meaning that elevated TDS are the result of high concentrations of these two ions. 
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Figure 7. TDS as a function of sodium and sulphate concentrations 

4.2.2 Piper Diagram 

Groundwater hydrochemistry can be rapidly interpreted by means of a Piper diagram (Piper, 
1944). This graph illustrates the cation and anion contents as triangles on the left and right, 
respectively. The rhombus in the centre of the picture represents the composition of both 
anions and cations. 

Figure 8 presents the Piper diagram for the Kanem region on the left and the Bahr el Ghazal 
region on the right. Rain water in the Lake Chad Basin, and thus recharge water, is of the 
calcium magnesium bicarbonate type, as shown by the water quality in rivers in the area 
(Vassolo & Daïra, 2012). Most of the groundwater in the Kanem region has a cation 
composition of calcium and magnesium to calcium type, while the cation composition in the 
Bahr el Ghazal area is of sodium and potassium to sodium type. 

Cation triangles in both regions indicate cation exchange along the groundwater flow path as 
shown by the red arrow. Calcium and magnesium are replaced by sodium and potassium. 

Because ion exchange is very uncommon, it is probably mixing of groundwater of different 
qualities along the flowpath that is observed (see green arrow). Bicarbonate will be 
exchanged by sulphate and or chloride. However, this exchange is not so obvious due to 
inclusion of nitrate in the representation, especially for the Kanem region. Nitrate in the study 
area appears very scattered and has no natural origin, but results from human 
contamination. Therefore, it can be discarded from the Piper diagram to better understand 
the natural chemical composition of groundwater (Figure 9). 
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The corresponding cation and anion dominances are indicated in Table 1. 
Table 1. Dominant anion and cation for Kanem and Bahr el Ghazal 

 Kanem  Bahr el Ghazal  
Cation Ca2+>Na+>Mg2+>K+ Na+>Ca2+>K+>Mg2+ 
Anion HCO3

->SO4
2->Cl- HCO3

->SO4
2->Cl- 

Altogether, the described effects emphazise the indications that grounwater recharges in the 
Kanem region and discharges in the Bahr el Ghazal, as already discussed in section 4.1 by 
means of groundwater contour lines and flow directions 

 
Figure 8. Piper diagram for the Kanem and Bahr el Ghazal areas. Anions include nitrate concentration 

 
Figure 9. Piper diagram for the Kanem and Bahr el Ghazal areas without considering nitrate in the 
analysis 

 

 

 

Kanem Bahr el Ghazal 

Kanem Bahr el Ghazal 
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4.2.3 pH 

For the pH, the WHO has set a range between 6.5 and 8.5 which, however, is more based 
on technical than hygienic reasons. 

The measured values vary from 4.0 to 10.8 with an average of 7.3 in the Kanem region, and 
between 7.2 and 8.8 with an average of 7.9 in the Bahr el Ghazal region. The distribution is 
illustrated in Figure 10. 

 
Figure 10. Distribution of pH values for groundwater in the study area 

Most of the recorded pH-values are within the acceptable range proposed by the WHO. In 
nine cases (red dots in the Kanem area), pH is below 6.5 and indicates acidic groundwater. 
However, most of these samples are slightly acidic with pH-values in the range of 6.3 to 6.5. 
Only three samples have low pH-values (Yourou = 5.8, Belte = 4.3, and Royono = 4.0).  

In five cases (blue dots) groundwater shows pH-values above 8.5. Three samples around 
Salal in the Bahr el Ghazal region show slightly alkaline water (Etri = 8.56, Haganga = of 
8.66, and Bourki = 8.78). Strongly alkaline groundwater was encountered in two samples 
close to the Lake Chad (Zigerey = 10.6 and Moroud = 12.7). Strong alkalinity is typical for 
environments where CO2 degasses (Eugster & Maglione, 1979), which is confirmed by the 
completely absence of bicarbonate (HCO3 = 0) in both samples. 
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4.2.4 Sodium – Na (mg/l) 

WHO has set a limit for sodium concentration in groundwater at 200 mg/l which is the usual 
threshold for a salty taste.  

The sodium concentrations measured in the study area vary from 3.7 mg/l to 1,933.0 mg/l 
with an average of 144.7 mg/l. The distribution is presented in Figure 11. 

Elevated concentrations of sodium were encountered in the surroundings of Lioua (Liwa), 
probably due to dissolution of trona (NaHCO3·Na2HCO3·2H2O) from the natronières in the 
area (Maglione, 1968). Concentrations of sodium above the limit from the WHO are 
encountered along the fossil valley of the Bahr el Ghazal. 

 
Figure 11. Distribution of sodium (mg/l) in the study area 
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Figure 12 shows the relationship between calcium and sodium for the Kanem region on the 
left (R² = 0.42) and the Bahr el Ghazal region on the right (R² = 0.18). 

 
Figure 12. Correlation between sodium and calcium in Kanem (left) and Bahr el Gazal (right) 

The ratio sodium/calcium ratio in the Kanem area varies between 0.07 and 5.8 with 62% of 
the samples showing a ratio lower than 1 or excess of calcium (samples plot below the 1:1 
line). In the Bahr el Ghazal region, the ratio between sodium and calcium is much higher. It 
varies from 0.2 to 213.3 with values higher than 1 (excess of sodium) in 80% of the samples. 
A ratio higher than 1, or excess of sodium, could be the result of adsorption of calcium and 
freeing of sodium contained in the clay along the flow path (Hamit, 2012).  

4.2.5 Chloride – Cl (mg/l) 

WHO recommends chloride concentrations below 250 mg/l. On the other hand, high 
concentrations of chloride are toxic for plants (Morris & Devitt, 1991). Water with chloride 
concentrations above 150 mg/l is considered of moderate plant toxicity and should not be 
used for long-period irrigation. Values above 350 mg/l are severe toxic for vegetation and 
water with this concentration cannot be used for irrigation. In addition, a high concentration of 
chloride has corrosive effects, e.g. for metal installations. 

Chloride concentrations vary from 0.9 mg/l to 101.0 mg/l with an average of 8.9 mg/l in the 
Kanem region, and between 1.6 mg/l and 810.0 mg/l with an average of 88.2 mg/l in the Bahr 
el Ghazal region. Distribution of chloride is illustrated in Figure 13. 

The chloride concentrations of groundwater in the study area show in general values below 
150 mg/l. Only in four cases concentrations between 150 mg/l and 350 mg/l were 
encountered and in further four cases concentrations were above the maximum allowed for 
irrigation. All these exceptions are located in the fossil valley of the Bahr el Ghazal. 
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Figure 13. Distribution of chloride (mg/l) in the study area 

In general, the presence of sodium and chloride in groundwater may either be associated 
with a marine origin, like in the coastal areas, or to a dissolution of salt e.g. from halite 
(NaCl). According to Arad & Kafri (1975), the last known marine transgression in the area 
occurred during the Cretaceous and since then the basin has experienced long periods of 
flooding with fresh water. Therefore, sodium and chloride would respond to the dissolution of 
halite, a possible product of evaporation in a highly arid region (Arad & Kafri, 1975). 

 
Figure 14. Correlation between sodium and chloride in Kanem (left) and Bahr el Gazal (right) 
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To evaluate the correlation between sodium and chloride, both ions are represented in a 
biaxial graph in meq/l (Figure 14) for the Kanem area (R² = 0.65) on the left and for the Bahr 
el Ghazal (R² = 0.76) on the right. Although for all analysed samples a surplus of sodium with 
ratios higher than sea water (0.858) is visible in both regions, it is much more excessive in 
Bahr el Ghazal region. Arad & Kafri (1975) attribute the presence of sodium in groundwater 
as a result of the weathering of sodium-containing feldspar in igneous rocks of the granitic 
basement complex. 

It must also be mentioned that a value of 26 has been measured as molar sodium-chloride 
ratio for the Lake Chad water. That means that already the water leaving the lake has an 
enormous surplus on sodium. 

4.2.6 Sulphate – SO4 (mg/l) 

Elevated concentrations of sulphate in groundwater do not have effects on health, although 
they might act as laxative for unaccustomed users. WHO has set the limit for sulphate at 
500 mg/l because of taste problems. 

Sulphate concentrations vary from 0.2 mg/l to 725.0 mg/l with an average of 62.3 mg/l in the 
Kanem region, and between 3.6 mg/l and 2,898.0 mg/l with an average of 480.4 mg/l in the 
Bahr el Ghazal region. The distribution of sulphate concentrations is illustrated in Figure 15. 

Concentrations of sulphate above 500 mg/l are encountered in 16 water points, 5 of which 
with concentrations even above 1,000 mg/l. With exception of one case, all elevated 
concentrations belong to the fossil valley of the Bahr el Ghazal. 

 
Figure 15. Distribution of sulphate (mg/l) in the study area 

A sulphate source could be gypsum (Ca[SO4]·2H2O). If this is the case, there should a good 
correlation between calcium and sulphate in groundwater.  
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Figure 16 shows the relationship between calcium and sulphate for the Kanem region on the 
left (R² = 0.79) and for the Bahr el Ghazal region on the right (R² = 0.47). Correlation is good 
for the Kanem area, where the presence of gypsum in the Moji Series has indeed been 
reported (Schneider, 1969). However, the plot for the Bahr el Ghazal region shows an 
excess of sulphate meaning either that cation exchange has taken place and calcium has 
been replaced by sodium along the flow path or that an additional source of sulphate is 
available. 

The additional source of sulphate in the fossilized valley of Bahr el Ghazal could be the 
existence of a paleo Lake Chad. Similar to the actual Lake Chad, this paleo lake must have 
been very shallow allowing for the development of a massive aquatic flora. The drying out of 
the lake led to extinction of the plants that remained on the surface to be covered by fine 
material (clayey sands to clay) transported by the Bahr el Ghazal in numerous posterior 
flowing events. As a result, a rather anaerobic milieu developed that allowed for the 
disaggregation of this organic matter to produce sulphide that remained in the underground. 
Subsequent oxidation of sulphides in groundwater leads to the presence of sulphate in water. 

 

Figure 16. Correlation between calcium and sulphate in Kanem (left) and Bahr el Gazal (right) 

4.2.7 Iron – Fe (mg/l) 

Iron may be present as ferrous iron in groundwater at concentrations of several mg/l under 
anaerobic conditions. However, when exposed to the atmosphere, the ferrous iron oxidises 
to ferric iron giving undesirably reddish-brown coloured water. Furthermore, iron also 
promotes the development of iron-bacteria. These bacteria gain energy from the oxidation of 
ferrous iron into ferric iron depositing in the process a coating on pipes. Therefore, although 
iron is not hazardous for health, WHO has set a limit at 0.3 mg/l because of staining of 
laundry and clogging of pipes. 

Iron concentrations vary from 0.004 mg/l to 12.8 mg/l with an average of 0.4 mg/l for the 
Kanem region, and between values below the detection limit of 0.003 mg/l and 2.0 mg/l with 
an average of 0.1 mg/l in the Bahr el Ghazal region. The distribution of the iron 
concentrations is presented in Figure 17. 

Very high concentrations of iron occur in the Kanem region, in the surroundings of Koro, 
Kalia, and Noukou, as well as along the northern shore of the Lake Chad. Probable sources 
of iron could be mafic deposits that have been reported for the area (Hamit, 2012). 
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Figure 17. Distribution of iron (mg/l) in the study area in Kanem (left) and Bahr el Gazal (right) 

4.2.8 Manganese – Mn (mg/l) 

Elevated levels of dissolved manganese are found in reducing conditions in groundwater. 
Like iron, manganese produces staining of laundry and clogging of pipes. WHO has set a 
limit at 0.1 mg/l for manganese based on the bad taste it causes in water.  

Long-term exposure to high manganese levels have been associated to intellectual 
impairment and reduced intelligence quotients in school-age children (Bouchard et al, 2010). 
When human health is considered, the WHO limit could be set at 0.4 mg/l. However, drinking 
water with manganese concentrations above 0.05 mg/l is objectionable to customers, due to 
colouring and a metal taste. 

Manganese concentrations vary between 0.003 mg/l and 8.3 mg/l and an average of 0.2 mg/l 
in the Kanem region, and from values inferior to the detection limit of 0.001 mg/l to 1.1 mg/l 
with an average of 0.2 mg/l in the Bahr el Ghazal region. The distribution of manganese 
concentrations is presented in Figure 18. 

The presence of manganese at concentrations above 0.1 mg/l is widespread and randomly 
distributed in the whole study area. Concentrations above 0.4 mg/l, for which health 
problems would be expected, are encountered in 15 water points scattered throughout the 
area. 
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Figure 18. Distribution of manganese (mg/l) in the study area 

Manganese is very common and can occur e.g. in silicates. High manganese concentrations 
are favoured by reducing conditions in groundwater. Concentrations up to 1.3 mg/l have 
been reported for neutral and as high as 9.6 mg/l in acidic groundwater (ATSDR, 2000). 
These effects are also true for the study area, as shown in Figure 19. 

 
Figure 19. Correlation between manganese and pH in Kanem (left) and Bahr el Gazal (right) 
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4.2.9 Fluoride – F (mg/l) 

Fluoride is necessary for healthy teeth. However, long-time exposure to concentrations 
above 0.5 mg/l can lead to blotches on teeth (dental fluorosis). Long-lasting exposure to 
concentrations above 1.5 mg/l can cause skeletal problems (fluoride-osteosclerosis). WHO 
has set the limit for fluoride concentration in groundwater at 1.5 mg/l. 

Fluoride concentrations in the study area vary between 0.003 mg/l and 1.6 mg/l with an 
average of 0.2 mg/l in the Kanem region, and from 0.04 mg/l to 7.14 mg/l with an average of 
1.00 mg/l in the Bahr el Ghazal region. The fluoride distribution is presented in Figure 20. 

Concentrations above 0.5 mg/l are encountered in almost all samples from the fossil valley of 
the Bahr el Ghazal. With only 7 % of the samples showing values in the range between 
0.5 mg/l and 1 mg/l, fluoride concentrations are generally low in the Kanem region (Figure 
21)  

 
Figure 20. Distribution of fluoride (mg/l) in the study area 
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Figure 21. Statistical distribution of fluoride concentrations in the Bahr el Ghazal and Kanem regions  

High fluoride groundwater is encountered in active volcanic zones associated with 
geothermal activities and in crystalline basement aquifers (Fantong et al., 2009). In 
sedimentary basins, the sources of fluoride are generally fluorite (CaF2), fluorapatite 
(Ca5(PO4)3F) or micas derived from granitic parent rocks.  

Fluorite is hardly soluble in water under normal pressure and temperature conditions, 
although dissolution rates increase under alkaline conditions (pH above 7) and electrical 
conductivities between 750 µS/cm and 1,750 µS/cm (Brinda & Elango, 2011). These two 
conditions are typical for groundwater in the Bahr el Ghazal region. 

Furthermore, fluoride is generally associated with groundwater of the sodium bicarbonate 
type with relatively low concentrations of calcium and magnesium. The lower the calcium 
concentration is the higher is the fluoride concentration. Thus, any process involving a 
decrease of calcium concentrations like cation exchange and evaporation favours the 
occurrence of fluoride. 

Figure 22 illustrates the fluoride concentration in relation to the sodium/calcium ratio. High 
sodium/calcium ratios are the result of cation exchange, where calcium is replaced by 
sodium The fluoride concentrations in the Bahr el Ghazal region (in blue) shows high 
correlation (R² = 0.87) with the ratio sodium/calcium and it can be concluded that the 
presence of fluorite combined with cation exchange is the source for the high fluoride 
concentrations in this area. 

In the Kanem region, groundwater has low concentrations of sodium (Figure 11) and high 
concentrations of calcium. Therefore, the correlation between fluoride and the 
sodium/calcium ratio is very poor. 
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Figure 22. Correlation between fluoride concentrations and the sodium/calcium ratio in Kanem (left) 
and Bahr el Ghazal (right) 

4.2.10 Arsenic – As (mg/l) 

Skin lesions are common after five years of exposure to arsenic from drinking water. 
Furthermore, consumption of arsenic polluted water can lead to skin, bladder and lung 
cancer and peripheral vascular diseases. WHO has set the upper limit for arsenic in drinking 
water at 0.01 mg/l. 

The BGR Laboratory measured arsenic concentrations in the Bahr el Ghazal area by means 
of inductively coupled plasma mass spectrometry (ICP-MS) with a detection limit of 
0.0005 mg/l. However, only 54 samples of the Kanem region were measured with this 
method. The other 75 samples have been measured using inductively coupled plasma 
optical emission (ICP-OE) with a detection limit of 0.02 mg/l, which is higher than to the WHO 
limit of 0.01 mg/l. 

Arsenic concentrations in the Kanem area are very low. A total of 19 samples (35 %) of the 
54 measured with the ICP-MS show arsenic concentrations above the detection limit with a 
maximum of 0.0062 mg/l and an average of 0.0017 mg/l. All 75 samples measured by means 
of the ICP-OE show concentrations below the detection limit of 0.2 mg/l. For the Bahr el 
Ghazal region, arsenic concentrations vary between values inferior to the detection limit of 
0.0005 mg/l and 0.25 mg/l with an average of 0.03 mg/l. The maximum arsenic concentration 
of 0.25 mg/l was measured in Bourki. The distribution of arsenic is presented in Figure 23. 

Measured arsenic concentrations above the WHO limit of 0.01 mg/l are encountered in 18 
samples, all of them located in the flanks of the fossilised valley of the Bahr el Ghazal. 
However, due to the detection limit of 0.02 mg/l used in the analyses; more samples could 
have arsenic concentrations above the WHO limit (46% of the entire sampling data set fall 
under the detection limit of 0.02 mg/l). 

Natural arsenic is present in some 200 mineral species with pyrite (iron sulphide mineral) 
containing arsenic as the most common (IPCS, 2001). These minerals are a particular 
problem in regions dominated by rapidly buried young (Holocene) organic-rich sediments 
(Winkel et al., 2008). From this, the most probable source for the arsenic pollution in the Bahr 
el Ghazal region would be the Labdé Series (Servant & Servant, 1970), which corresponds 
to the Holocene and is assumed to be organic-rich, due to the influence of the paleo Lake 
Chad, as already explained under Section 4.2.6. However, without concluding investigations, 
this remains a theory. 
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Figure 23. Distribution of arsenic (mg/l) in the study area 

Due to the hazardous health effects of high arsenic concentration in drinking water, it is 
strongly recommended that either the raw water is treated before consumption or other 
sources for water supply are looked for. 

4.2.11 Aluminium – Al (mg/l) 

Because aluminium salts are usually used for water treatment as a coagulant to reduce 
organic matter, colour, turbidity, and microorganisms and residual concentrations might be 
high, WHO has set a limit for aluminium at 0.2 mg/l for small treatment plants (0.1 mg/l for 
large treatment plants). In nature, the occurrence of elevated Al concentrations is usually 
related to low pH (pH< 3.5) 

In general, aluminium concentrations in the Kanem region vary between 0.008 mg/l and 
0.409 mg/l with an average of 0.071 mg/l. However, two extreme values were measured in 
locations with very acid groundwater (Royono with an aluminium concentration of 10.5 mg/l 
and pH 4.0 and Belte with aluminium concentration of 12.30 mg/l and pH 4.3). However, for 
the measured pH values, aluminium concentrations should be much lower (Figure 24). The 
high aluminium concentrations can be explained by the presence of clay particles in the 
sample and the measurement method (ICP-OE). This method cannot distinguish between 
aluminium atoms from the water sample and those contained in the clay. 
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Figure 24. Dissolved aluminium in relation with pH (Houben & Treskatis, 2007) 

In the Bahr el Ghazal region, aluminium concentrations vary from values below the detection 
limit of 0.003 mg/l to 1.20 mg/l with an average of 0.10 mg/l. The distribution of aluminium 
concentration is presented in Figure 25. 

In total 15 samples present aluminium concentrations above the limit of the WHO. They are 
mainly located in the south western part of Kanem, in the proximity of the Lake Chad. 

 
Figure 25. Distribution of aluminium (mg/l) in the study area 
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4.2.12 Mapping Natural Groundwater Pollution 

In order to assess the aptitude of groundwater for human consumption in the study area, the 
concentrations of arsenic, manganese, fluoride and sulphate were considered (Figure 26).  

Most of the samples, especially in the Kanem region, are contaminant-free and thus apt for 
consumption. Contamination above the WHO limit with single components occurs for 
manganese in ten samples, for sulphate in five and for fluoride and arsenic two, respectively. 

Simultaneous contamination of arsenic and fluoride occurs in four samples, arsenic together 
with sulphate in three, and manganese with sulphate in three. With exception of two cases, 
simultaneous contamination of two components takes place in the Bahr el Ghazal region. 

Three components appear simultaneously in five samples concerning arsenic, fluoride and 
sulphate and in one concerning arsenic, manganese and sulphate. All these cases 
correspond to the Bahr el Ghazal region. 

In total, 35 (19%) of the 185 samples present natural contaminations above the WHO limit. 
The most contaminated zone is located in the Bahr el Ghazal region to the north-east of 
Dokora. Without purification measures, groundwater should not be used for drinking 
purposes. 

 
Figure 26. Contamination indicators of groundwater 
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4.3 Nitrogen Compounds 

4.3.1 Nitrate – NO3 (mg/l) 

High levels of nitrate concentration in groundwater are an indicator for pollution through 
human and animal faeces and/or the overuse of fertilizers in agriculture. 

It is considered that high concentrations of nitrate might cause methaemoglobinaemia (death 
by asphyxia) in infants. Furthermore, it is also considered as carcinogenic. WHO has set a 
limit for nitrate concentration in groundwater at 50 mg/l. However, concentrations above 
25 mg/l indicate already pollution and measures must be taken to avoid further 
contaminations. 

Nitrate concentrations vary between 0.05 mg/l and 353.0 mg/l with an average of 20.6 mg/l in 
the Kanem region, and from 0.05 mg/l to 431.0 mg/l with an average of 38.1 mg/l in the Bahr 
el Ghazal region. The distribution of nitrate concentrations in the study area is presented in 
Figure 27. 

Concentrations above the WHO limit of 50 mg/l occur in 25 (13.5%) of the 185 samples. A 
further 15 (8%) samples have nitrate concentration above 25 mg/l. High concentrations 
appear mainly to the northwest of the study area in the Kanem region, along the lake shore 
and along the fossil valley of the Bahr el Ghazal. It is assumed that nitrate pollution is of 
anthropogenic origin and responds to a poor water point management and/or lack of 
hygiene. 

 
Figure 27. Distribution of nitrate (mg/l) in the study area 
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4.3.2 Nitrite – NO2 (mg/l) 

Nitrite is 10 times more potent than nitrate with respect to methaemoglobinaemia. WHO has 
set a limit of 0.2 mg/l for long-term exposure, and 3 mg/l for short-term contact. 

Nitrite concentrations vary between values below the detection limit of 0.003 mg/l and 
26.3 mg/l with an average of 0.8 mg/l in the Kanem region, and from below the detection limit 
and 0.9 mg/l with an average of 0.13 mg/l. The distribution on nitrite in the study area is 
presented in Figure 28.  

Only 2 samples present nitrite concentration above 3 mg/l and further 18 (10%) of the 185 
samples have nitrite concentrations above 0.2 mg/l. High concentrations appear mainly to 
the northwest of the study area, in the Kanem region. This pollution is assumed to be a result 
of poor water point management and/or lack of hygiene. 

 
Figure 28. Distribution of nitrite (mg/l) in the study area 

4.3.3 Ammonia – NH4 (mg/l) 

The presence of ammonia as non-ionized NH3 (ammoniac) or ionized NH4
+ (ammonium) in 

water is an indicator for bacterial, sewage, and animal pollution. In nature, concentrations of 
ammonia below 0.2 mg/l can be encountered in surface and groundwater. However, under 
anaerobic conditions, ammonia concentrations can increase significantly. 

Because ammonia does not represent a health risk WHO has not set any limitation for this 
compound. 

Concentration of ammonium vary between values below the detection limit of 0.01 mg/l and 
8.9 mg/l with an average of 0.4 mg/l in the Kanem region, and from values below the 
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detection limit to 24.1 mg/l with an average of 0.8 mg/l in the Bahr el Ghazal region. Their 
distribution in the study area is presented in Figure 29. 

Elevated values above 0.2 mg/l are encountered in 27 (14.6%) of the 185 samples that are 
located mainly to the northwest of the study area in the Kanem region and along the Bahr el 
Ghazal. In four cases, the measured ammonium concentration is even above 3 mg/l. It is 
assumed that pollution is punctual and due to poor water point management and/or lack of 
hygiene. 

 
Figure 29. Distribution of ammonium (mg/l) in the study area 

4.3.4 Mapping Human Induced Pollution 

To analyse the human induced pollution all three nitrogen components are considered 
together (Figure 30). 

A total of 32 (17%) of the 185 samples contain unsuitable groundwater regarding pollution 
with nitrogen components (at least one of the components has a concentration above the 
respective WHO limit). They are located mainly to the northwest of the study area in the 
Kanem region, along the shore of the lake and along the flanks of the fossilised valley of the 
Bahr el Ghazal.  

Further 37 (20%) of the samples present groundwater considered as doubtful because at 
least one of the components has an elevated contamination. 
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Figure 30. Human induced nitrogen pollution of groundwater 

4.4 Irrigation Suitability Assessment  

The suitability of groundwater for irrigation purposes depends upon the effect of mineral 
constituents of water on both plants and soils. Criteria for assessing the irrigation water 
quality are, among others, salinity hazard or total soluble salt content estimated by means of 
the electrical conductivity, sodium content expressed as Na% (Wilcox, 1948), and sodium 
adsorption ratio (SAR) estimated as the relative proportion of sodium to calcium and 
magnesium ions (Richards, 1954). 

High salt contents in irrigation water increase osmotic pressure in soil solution (Thorne & 
Peterson, 1954) and inhibit the ability of the plant to take up water. Besides, the salts also 
affect soil structure, soil permeability, aeration, texture and aggregation (Trivedy and Geol, 
1984). 

High concentrations of sodium limit the suitability of water for irrigation. Sodium adsorbs in 
the soil causing aggregates of some soils to break down (disperse). Thus, pores are sealed 
and soil permeability reduced, especially in the case of montmorillonitic clays. Affected 
clayey soils will become either anaerobic (lacking oxygen), saline, or compacted (Saleh et 
al., 1999; Bauder et al., 2008). 

4.4.1 Sodium percentage (Na%) 

Wilcox (1955) proposes to plot the sodium content within the cations (in percentage) in 
relation to the electrical conductivity. The percentage of sodium content should be calculated 
using the following equation: 
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��% =	 ��� +	��
	�
� +	��
� +	��� +	�� ∗ 100 

with all ionic concentrations in milliequivalents per liter (meq/l). 

The Wilcox diagram for the Kanem region (Figure 31, left) shows that 116 of the 129 
samples (90%) are classified as very good to good. Seven samples (5%) are found within the 
range of good to permissible and further six (5%) within the category permissible to doubtful. 
No sample falls in the range of unsuitable for irrigation purposes. 

In the case of the Bahr el Ghazal region, fourteen of the 56 samples (25%) correspond to the 
range very good to good and further two (4%) are ranked as good to permissible. Eleven 
samples (20%) are located in the field permissible to doubtful, thirteen (23%) in the field 
doubtful to unsuitable and the remaining sixteen (28%) are unsuitable for irrigation (Figure 
31, right).  

 
Figure 31. Wilcox diagram to assess the suitability of groundwater for irrigation 

If only the percentage of sodium is considered, the classifications for the Kanem and Bahr el 
Ghazal regions are shown in Table 3 and Table 2, respectively. In the Kanem region, the 
Na% values range between 8.3 and 79.7. Most of the samples rank between good (40%) 
and permissible (41%). Another 10% of the samples are excellent for irrigation purposes and 
further 9% doubtful. Again, none of the samples fall within the unsuitable category.  

The Na% values in the Bahr el Ghazal region (Table 3) range between 19.1 and 99. Most of 
the samples (41.1%) classify as unsuitable for irrigation purposes. Only three samples (6%) 
are observed as excellent and good. The remaining 53% fall within the categories 
permissible (28%) or doubtful (25%).  

Table 2: Classification of groundwater based on Na% for the Kanem region 

Water quality %Na No. of samples [%] 

Excellent <20 13 10 

Good 20-40 52 40 

Permissible 40-60 53 41 

Doubtful 60-80 11 9 

Unsuitable >80 0 0 
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Table 3: Classification of groundwater based on Na% for the Bahr el Ghazal region 

Water quality %Na No. of samples [%] 

Excellent <20 1 2 

Good 20-40 2 4 

Permissible 40-60 16 28 

Doubtful 60-80 14 25 

Unsuitable >80 23 41 

4.4.2 Sodium Adsorption Ratio (SAR) 

Sodium adsorption ration (SAR) is a measure of alkali/sodium hazard to crops and is 
estimated by the following formula (Richards, 1954): 

SAR = 	 Na�
�Ca
� +	Mg
�2

 

with sodium, calcium, and magnesium express in meq/l. 

High SAR values in water result in a greater risk of Na%, which in turn leads to the 
development of alkaline soils (Todd, 1980). Additionally, a high salt concentration in water 
measured by the electrical conductivity leads to formation of saline soils. For SAR values 
above 9, irrigation water will change the permeability of clayey soils because of shrinking and 
swelling (Saleh et al., 1999). 

Figure 32 below represents the SAR diagrams for the Kanem (on the left) and the Bahr el 
Ghazal (on the right) regions. 

  
Figure 32. Sodium Adsorption Ratio (SAR) to assess the suitability of groundwater for irrigation in 
Kanem (left) and Bahr el Gazal (right) 

The SAR values (S on the vertical axis) in the Kanem region vary between 0.2 and 5.7 
(Figure 32, left). All the 129 samples are classified as excellent for irrigation purposes. 

In the Bahr el Ghazal region, the SAR values range from 0.5 to 87.5 (Figure 32, right) and 
are distributed over all categories. Of the 56 samples, 21 (38%) classify as excellent, further 
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10 samples (18%) fall under the category good, 9 (16%) under doubtful, and 16 (28%) under 
unsuitable for irrigation purposes.  

The salinity hazard in irrigation water can be expressed in terms of electrical conductivity and 
are categorized in the x-axis of Figure 32. Conductivity values measured in the Kanem area 
vary between 98 µS/cm and 1,618 µS/cm. From the 129 samples, 57 (44%) are classified as 
excellent, 62 (48%) as good and 10 (7%) as doubtful. No sample lies in the category 
unsuitable. 

In the Bahr el Ghazal region, conductivity values vary between 137 µS/cm and 8,993 µS/cm. 
Only one (2%) of the 56 samples falls under the excellent category, 15 (27%) under the 
good, 24 (43%) under the doubtful and (16%) under the unsuitable. 

For rating irrigation waters after Richards (1954), both the sodium adsorption ratio (SAR) and 
the salinity hazard are taken into consideration. This can be easily done by means of the 
salinity diagrams (Figure 31).  

The corresponding diagram for the Kanem region (Figure 31, left) indicates that 44% of the 
129 samples fall in C1S1 (low salinity-low sodium) category, 48% in the C2S1 (medium 
salinity-low sodium), and 7% in the C3S1 (high salinity-low sodium). Consequently, most of 
the groundwater can be used for irrigation on all type of soils with moderate leaching. 

A total of 14 (25%) from the 56 samples in the Bahr el Ghazal region are distributed within 
the C2S1 category, 5 (9%) in the C3S1, 9 (16%) in the C3S2, 7 (13%) in the C3S3, and 16 
(29%) in the C4S4 (very high salinity-very high sodium). This last category is unsatisfactory 
for all irrigation purposes.  

4.4.3 Mapping Groundwater Irrigation Suitability 

A map of suitability of groundwater for irrigation purposes was produced taking into 
consideration the parameters percentage of sodium (Na%) and sodium adsorption ratio 
(SAR) (Figure 33). For the elaboration of the map, it was assumed that groundwater is 
suitable for irrigation if none of the indices indicates unsuitable water (green dots). Orange 
dots correspond to water points, where groundwater was classified as unsuitable by one of 
the indices, and red dots represent water points for which groundwater is categorised as 
unsuitable water by both indices. 

Groundwater quality was found to be suitable for irrigation in 88% of the samples. Most of 
them are located in the Kanem region and along the river bed of the Bahr el Ghazal. Further 
15 samples (9%) were ranked as doubtful and are distributed on the northeast of the study 
area in the Bahr el Ghazal region as well as on the northwesterly contact between the 
Kanem and the Bahr el Ghazal regions. Groundwater is unsuitable for irrigation in eight 
locations (4%), Haganga, Etri, Bourki, Tougoye, Koual, Akamari, Outouk, and Ouelet Ouelet, 
which are mainly located in the northern part of the Bahr el Ghazal region. 
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Figure 33. Groundwater classification regarding irrigation suitability 

Summarizing, the map shows that groundwater in the study area is mainly suitable for 
irrigation. Exceptions are the northeastern part in the Bahr el Ghazal region as well as the 
area around Ouelet Ouelet and Outouk as well as in Akanari and Koual. 

4.5 Isotopic Analyses 

4.5.1 Deuterium (2H) and Oxygen-18 (18O) 

Environmental isotopes (18O and 2H) in groundwater were also measured in the study area. 
With the help of these two isotopes, it is possible determine effects of evaporation from 
recharge water. 

Figure 34 shows the local water line for precipitation from N’Djaména (black line) from the 
International Atomic Energy Agency (IAEA) data base. The results measured for 
groundwater in the study area are plotted as blue rhombuses. They define a local water line 
for the study area (in blue) described by the following equation: 

δ2H = 5.8 δ18O - 6.5 

Due to the fact that the slope of the local line (5.8) is lower than the slope of the N’Djaména 
precipitation (6.3), it can be concluded that in general the recharge water in the study area 
experiences evaporation effects before reaching the aquifer. 
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Figure 34. Results of δ18O and δ2H for the study area compared with the water line of N’Djamena 
(black line) 

The distribution of δ18O in the study area is presented in Figure 35. The map allows for a 
differentiation of evaporation effects experienced by recharge water. Values below -4 
correspond to direct recharge with precipitation water. Values above -2 correspond to 
recharge produced by water that has experienced some evaporation before, typical for 
standing surface water. The larger the value of δ18O, the higher the amount of evaporation 
suffered by the surface water. 

 
Figure 35. Distribution of δ18O in the study area 
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Very low values (below -4) are encountered in the Kanem area and suggest direct recharge 
with precipitation water. Elevated δ18O values occur along the shore of the lake and the Bahr 
el Ghazal and give indications for recharge with lake water and/or standing water at the Bahr 
el Ghazal after sporadic flooding events or downpours. 

4.5.2 Tritium – 3H (TU) 

Tritium in the atmosphere is produced naturally by cosmic radiation, but an additional human 
induced load took place during the thermonuclear bomb tests between 1951 and 1981. By 
the 1990s most of this additional tritium had been washed away by precipitation and since 
then levels in the atmosphere correspond to the cosmic radiation (Clark & Fritz, 1997). 

Tritium is incorporated in the water molecule as 1H3HO of precipitation and can thus be used 
as a tracer to evaluate recent recharge. Because of its short life (half-life of 12.43 years), it 
can only be found in groundwater that has been recharged in the past fifty years (Clark & 
Fritz, 1997). 

Unfortunately, very few results of tritium are available for the study area. However, these few 
measurements allow for a potential interpretation of the recharge (Figure 36). According to 
an oral communication with Dr. Sültenfuß, a tritium specialist from the University Bremen, 
groundwater in relation to tritium in the southern hemisphere can be assumed as very old 
(recharged before 1951) for values lower than 3 TU, as recharged some 40 years ago for 
values above 5 TU and recently recharged or mixed water for values between 3 TU and 5 
TU. 

 
Figure 36. Distribution of tritium (TU) in the study area 

Figure 36 shows that recharge in most of the Kanem region took place before 1951. Along 
the shore of the lake, tritium data indicate recharge from some 40 years ago. This is the 
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result of recharge from lake water (samples also show large values of 18O) at that time when 
the Lake Chad had an extension of 23,000 km² and the open waters reached up to its shore. 
Present recharge or mixing of groundwater (old and recent) is very rare and was measured 
in only three samples. 

4.5.3 Groundwater Flow Direction 

Groundwater flow direction is usually estimated using the groundwater contour lines. 
However, the evaluation of isotopes data also allows for determination of recharge areas as 
well as groundwater ages. Figure 37 below shows all these available analyses together. 

 
Figure 37. Determination of groundwater flow with the help of groundwater contour lines, 
environmental isotopes and tritium values 

According to Figure 37, the Kanem region is characterised by a mound (high) of groundwater 
recharge from precipitation that took place before 1951. 

Some samples along the shoreline of the lake (indicated as lake extend in 1963 in the map of 
Figure 37, but also valid for 1973), show recharge with lake water some 40 years ago. 
However, due to the shrinking lake, groundwater seems to now flow further towards the lake. 

Groundwater contours indicate discharge from both the mound in the Kanem region and the 
Lake Chad in the Bahr el Ghazal region. Furthermore, groundwater along the fossilised 
valley of the Bahr el Ghazal is characterised by very old water with large values of 18O. 
These characteristics can be explained by different processes as follows: 

• Lateral groundwater flow from the Kanem mound is insignificant and the lateral inflow 
from the lake (present and high 18O) is very slow so that water becomes older along the 
flow path. 
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• Lateral inflow from the lake is insignificant, but lateral groundwater flow from the Kanem 
mound (very old and very low 18O) experiences evaporation via capillarity within the fossil 
valley so that 18O increases. 

• Both lateral inflows are insignificant and groundwater was recharged in the past (very old) 
by standing water (high 18O), e.g. from paleo Lake Chad. 

This last process also explains the presence of sulphate excess along the flanks of the 
fossilised valley of the Bahr el Ghazal, as described in Section 4.2.6, and seems to be the 
more adequate explanation. 
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5. Conclusions and Recommendations 

The various field surveys between November 2009 and December 2013 to the Kanem and 
Bahr en Ghazal area allowed for measurement of water levels and sampling of hand-dug 
wells, piezometers and tube wells for chemical and isotope analyses. The results obtained 
can be summarised as follows: 

• The water level contour map, the environmental isotopes (18O and 2H), and the tritium 
values give hints that groundwater flows from a main mound in the Kanem area towards 
the northwest and the Lake Chad in the southwest. Groundwater also flows from the 
Lake Chad to the northeast, into the Bahr el Ghazal. 

• In general, the water quality in the Kanem area is sufficient for human consumption 
because 

- pH is generally in the permissible range, exceptions are of no hygienic concern 
- iron seems to be a problem, especially for clogging of pipes and water coloration 
- manganese at elevated concentrations encountered in numerous wells may give 

place to pipe clogging and staining of laundry . Furthermore, some water points 
around Rig-Rig and Nokou contain concentrations above the limit proposed by the 
WHO 

- aluminium thought to cause Alzheimer disease, was found at concentrations 
above the limit of the WHO in eleven water points. However, the extreme 
concentrations measured at Royono and Belte are due to the presence of clay in 
the sample 

- nitrogen compounds (ammonium, nitrite and nitrate) at concentrations above the 
WHO respective limits are observed throughout the area. Pollution seems to be of 
anthropogenic origin and likely results of poor water point management (presence 
of animals and/or lack of hygiene (cess pits) 

• For Bahr el Ghazal, groundwater is considered not apt for human consumption because 
- total dissolved solids concentrations (TDS), as an indicator of mineral content in 

water, are too high 
- sodium concentrations are generally elevated and in many cases even above the 

limit of the WHO and can turn water unpalatable 
- chloride, is present in some water points at concentration above the limit of the 

WHO 
- sulphate, which can have laxative effects on unaccustomed consumers, at levels 

above the WHO limit is encountered in some water points 
- iron, which produces pipe clogging and coloration of the water, at concentrations 

above the WHO limit was measured in five cases 
- manganese at elevated concentrations that can cause pipe clogging and laundry 

staining was found in many cases, especially on the northern flank of the 
fossilised valley. Values above the limit of the WHO because of health effects are 
encountered along the Bahr el Ghazal 

- fluoride can cause dental fluorosis or skeletal problems at concentrations of 
0.5 mg/l under long-term exposure. Water points within the fossil valley are 
characterised by high levels of fluoride 

- arsenic, which is considered carcinogenic, was encountered on the northern flank 
of the fossilised valley 

- aluminium, which can cause Alzheimer disease, was measured in three cases at 
concentrations above the WHO limit 

- nitrate and ammonium at concentrations above the WHO respective limits are 
measured randomly distributed in the area. These results indicate anthropogenic 
pollution due to poor water point management and/or lack of hygiene 

• Groundwater in the Bahr el Ghazal region is not apt for irrigation 
• The analysis of environmental isotopes has shown that groundwater along the shore of 

the lake and in the Bahr el Ghazal area is recharged with water that experiences 
evaporation effects 
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• Tritium results indicate recharge before the 1950’ in most of the study area. Recharge at 
about 40 years from now is measured along the shore of the Lake Chad. It corresponds 
to the 1970’, when the lake occupied an area of around 23,000 km² and the open water 
surface reached its the shore 

• The results show that groundwater in the Bahr el Ghazal region was recharged in the 
past (very old) by water (high 18O), e.g. from the paleo Lake Chad. This paleo lake is also 
the reason why the presence of sulphate in groundwater is very common in the region, 
especially along the flanks of the fossil valley 

From the results discussed in the present report, it can be concluded that groundwater in the 
Kanem area is of good quality for human consumption. However, care must be taken 
regarding manganese and aluminium. 

In the case of Bahr el Ghazal, groundwater should not be used for human consumption, 
mainly because of too high concentrations of fluoride and arsenic that are very hazardous for 
human health. It is recommended to look for alternative drinking-water sources or water 
treatment. Some prevention and control solutions are listed in the arsenic background 
document of the WHO Guidelines for drinking water quality from 2011. 

Furthermore, precipitation of iron and manganesecan turn water untasty and brownish and 
as such will not be accepted by the population for human consumption. 

It is recommended that well management in the whole study area shall be improved to avoid 
punctual pollution via animal or human faeces that give place to groundwater contamination 
with ammonium, nitrite and nitrate. Awareness-raising of the population might be needed to 
reach the desired effects. 
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Annex 1: List of water points included in the study 

ID Village X Y Date Static Water Level  
(m) 

2 HAMARAYE 16.472444 13.872167 Nov. 09 19.8 

3 BIR KOURI 16.429778 14.108167 Nov. 09 27.5 

4 AKAMARI 16.511917 14.277333 Nov. 09 26.8 

5 KOUAL 16.435444 14.395167 Nov. 09 20 

6 SOUNIA 16.332028 14.465 Nov. 09 35.7 

7 SOULI NOUMA 16.499333 14.551472 Nov. 09 34.3 

8 LONTI 16.587639 14.594028 Nov. 09 34 

9 TCHIGUINE 16.833667 14.737639 Nov. 09 31.15 

10 LOUSSY 16.708639 14.920972 Nov. 09 32.4 

11 DJEMIL 16.749861 15.048694 Nov. 09 31.3 

12 DORBY 16.93525 14.898167 Nov. 09 28.1 

13 TOUGOYE 17.082583 14.836333 Nov. 09 20.22 

14 SALAL 17.217361 14.848278 Nov. 09 18.4 

15 RAYI 17.180167 14.742028 Nov. 09 19 

16 SAFE 17.091639 14.624306 Nov. 09 21.5 

17 DOURGOULNGA 16.881111 14.385944 Nov. 09 21.8 

18 KOURI KOURI 16.202639 13.658222 Nov. 09 20.3 

19 TOUMIALIFIA 16.577556 14.136889 Nov. 09 25.1 

20 YAGABOUNGA 16.637583 14.343639 Nov. 09 25.9 

21 ARAK 16.575778 14.8795 Nov. 09 17 

22 BIRTCHAOU TEFOUNGA 16.455111 14.731806 Nov. 09 17.4 

23 ASSOUADINGA 16.317556 14.554722 Nov. 09 41.35 

24 DOLOKE 16.148861 14.629222 Nov. 09 43.6 

25 HEREZEYE 16.14025 14.460083 Nov. 09 20.1 

26 LABDE 16.063 14.328528 Nov. 09 18.2 

27 EREGUE BAYANGA 16.191056 14.1455 Nov. 09 17.3 

28 BASSAL 16.033694 14.083778 Nov. 09 17.8 

29 DIGUIRNAYE 15.902944 13.980833 Nov. 09 14.4 

30 MICHEMIRE 15.740083 13.823194 Nov. 09 18.3 

31 KIRINGA 15.887917 13.782556 Nov. 09 14.9 

32 KIRANGA 16.094889 13.751889 Nov. 09 

33 RIMELE 16.303222 13.82425 Nov. 09 16.4 

34 MOURZOUGUI 15.708889 13.640444 Nov. 09 

35 DOKORA 15.815222 13.423083 Nov. 09 

43 GARANTESSI 16.7015 13.942889 Nov. 09 17.82 

44 DANGAYE 16.839944 14.011472 Nov. 09 15.6 

45 MONDJOURA 17.077694 13.818444 Nov. 09 14.85 

46 OUELET OUELET 17.215806 13.926222 Nov. 09 13.5 

47 ABAL 16.9625 14.013389 Nov. 09 19.8 

48 OUTOUK 16.997778 14.123056 Nov. 09 17.6 

49 IXIA 16.606944 13.811806 Nov. 09 15.2 

61 NGAMAYE 15.698528 14.638 Nov. 09 10.4 

62 MAO EBERAM 15.374861 14.084222 Nov. 09 4.5 

63 TERFE 15.331944 14.18975 Nov. 09 8.9 

64 SANADINGA 15.557 14.50625 Nov. 09 13.9 
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65 BOURDINGA 15.623722 14.391139 Nov. 09 15 

66 AMDOBAK 15.693583 13.323583 Nov. 09 7.4 

67 NTIONA 15.457306 14.437 Nov. 09 5.4 

69 MONDO V 15.512528 13.853722 Nov. 09 11.75 

70 MELEA KOUROURE 15.55 14.257361 Nov. 09 13.8 

71 ZIGUEYE 15.801444 14.693369 Nov. 09 10.8 

72 ARAZAT 15.561556 13.497694 Dec. 09 6.4 

73 MOUZRAK 15.968694 13.318083 Dec. 09 

74 BOLTOUFOU 15.534306 13.274222 Dec. 09 

76 KOROFOU 15.348694 14.290917 Dec. 09 6.4 

77 DEGUILA 15.355833 13.693139 Dec. 09 8.5 

78 INDJIROM 15.408083 13.512639 Dec. 09 

79 KOLTIMARY 15.385361 13.846778 Dec. 09 13.6 

85 BONDERI 15.717222 13.178639 Dec. 09 14.5 

86 MOTOA 15.437417 13.6835 Dec. 09 13.1 

102 LOURA 15.188194 13.575389 Dec. 09 4.8 

103 BOL MATAFO 14.717278 13.526472 Dec. 09 

104 TOWOYE 14.876528 13.591389 Dec. 09 

105 MALEYE 15.259778 13.433583 Dec. 09 

106 WALANDJA 15.31775 13.6285 Dec. 09 

108 AL BOUT 15.411833 13.116 Dec. 09 

109 WALARANG 14.529944 13.560194 Dec. 09 

170 MAYALA 14.339889 13.697139 Dec. 09 

171 KOLE GOROROUM 14.402389 13.644972 Dec. 09 5.8 

172 RIG RIG 14.389722 14.228528 Dec. 09 4.8 

173 KODENGA 14.395417 13.977778 Dec. 09 2.2 

174 BAGASOLA 14.352278 13.56575 Dec. 09 

175 BENBEN 15.285167 14.322778 Dec. 09 3.7 

176 NGOUNA 15.210972 14.886472 Dec. 09 22 

177 NOKOU 14.750806 14.5355 Dec. 09 5.7 

178 ERI 15.77175 13.975611 Dec. 09 15.7 

179 NGAYELO 15.817417 14.300556 Dec. 09 22 

180 KOURIDINGA 15.497194 14.557778 Dec. 09 15.3 

181 DIARA 15.587833 14.014306 Dec. 09 14.3 

182 BROUMTCHOULOUM 14.651028 13.563583 Dec. 09 

183 YOUGOUM 15.917944 14.238639 Dec. 09 12 

184 YOUROU OURRE 14.530778 14.435639 Dec. 09 12.7 

185 LEGRA 15.318944 14.137417 Dec. 09 3.7 

186 GOSKOREYE 15.567417 14.077778 Jan. 10 26.9 

187 LIWA 14.302417 13.849944 Jan. 10 

188 NIMILE 15.22925 14.776667 Jan. 10 33.5 

189 BOULOUNKOU 15.770778 14.126556 Jan. 10 15.4 

190 WOUDILI 15.652111 14.064694 Jan. 10 15.7 

191 KAKARI 15.917583 14.107139 Jan. 10 16.9 

192 DELEMANGA 16.114778 13.558917 Jan. 10 10.4 

193 ARKINE 15.371667 14.869389 Jan. 10 28.3 
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194 LOMPOROME 15.43975 14.07725 Jan. 10 12.2 

195 BOGOLEYE 15.389444 14.435806 Jan. 10 4.4 

196 VILL 14.379139 14.110722 Jan. 10 3.4 

197 TAGUELA 15.023083 14.765778 Jan. 10 17 

198 ISSEIROM 15.020833 13.473028 Jan. 10 

199 KAYOUWA 15.324222 13.283389 Jan. 10 3.2 

KH1 Bourki 17.217 14.845056 April 13 16.5 

KH2 Etri 17.088167 15.043806 April 13 20.2 

KH3 Kounaye Erchenna 16.975222 14.955861 April 13 28.7 

KH4 Haganga 16.951528 15.154861 April 13 23.3 

KH5 Arkineye 16.683778 15.148944 April 13 30.4 

KH6 Goz 16.605222 15.23175 April 13 23 

KH7 Djané 16.696778 15.313444 April 13 26.5 

KH8 Saraga 16.466389 15.392528 April 13 21.7 

KH9 Gorima 16.395722 15.152778 April 13 23.8 

KH10 Sananga 16.546611 15.136111 April 13 23.5 

KH11 Fizimi 16.449167 15.026667 April 13 24.1 

KH12 Boboul 16.310833 14.988611 April 13 23.4 

KH13 Yigue Douroussou 16.228056 14.908889 April 13 33.9 

KH14 Bouzou kide 16.314444 14.800833 April 13 22.6 

KH15 Tchorogounga 16.271667 14.741389 April 13 36.6 

KH16 Dininga 16.193056 14.713889 April 13 44.3 

KH17 Chala 16.134722 14.613889 April 13 21.6 

KH18 Iriboudinga 16.047694 14.622778 April 13 20.5 

KH19 Tchorogui 15.981944 14.505278 April 13 19.9 

KH20 Taouil 15.961111 14.669167 April 13 28.6 

KH21 Baba 15.926 14.852222 April 13 24.3 

KH22 Tababa 15.970444 14.945833 April 13 31.4 

KH23 Binianga 15.995417 15.092556 April 13 29.1 

KH24 Bogoy 15.861111 15.176389 April 13 20.1 

KH25 Kolori 15.953444 15.065556 April 13 23.7 

KH26 Hitine 15.799167 15.000444 April 13 21.8 

KH27 Chodoum 15.781278 14.893056 April 13 19.7 

KH28 Mahdoud 15.673611 14.863583 April 13 17.1 

KH29 Ambassour 15.603889 15.002778 April 13 19.5 

KH30 Morty 15.605 14.846528 April 13 20.35 

KH31 Mouno Ourere 15.613056 14.768333 April 13 17.1 

KH32 Moussa Ferty 15.454444 14.811528 April 13 26.4 

KH33 Kournaye 15.446944 14.607222 April 13 19.2 

KH34 Bir Daoud 15.804167 15.331944 April 13 19.23 

KH35 Fuom tinen 15.603889 15.251389 April 13 17.3 

KH36 Akouma 15.943611 15.228611 April 13 29.3 

KH37 Bir choloum 15.645833 15.128333 April 13 16.17 

KH38 Al houf 15.597222 14.908333 April 13 28.1 

KH40 NGUELADINGA 14.555833 13.996639 May 13 2.36 

KH41 KAYIROM 14.9065 13.865278 May 13 2.3 
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KH42 YOUKE 14.623917 13.838639 May 13 1.53 

KH43 MOROUD 14.621583 14.088056 May 13 12.7 

KH44 ZIGUEREY 14.513389 14.175694 May 13 13.9 

KH45 OLOMINGA 14.178917 14.381222 May 13 13.4 

KH46 BIRTAOUIL 14.098639 14.517861 May 13 14.9 

KH47 FOYO 14.197417 14.656611 May 13 5.6 

KH48 MANA 14.326333 14.603889 May 13 6.3 

KH49 AMBI 14.395417 14.579 May 13 6.1 

KH50 ARNAKOU 14.662222 14.597056 May 13 6.4 

KH51 WOUNDJI 14.56 14.581056 May 13 14.2 

KH52 BELTE 14.365333 14.626722 May 13 8.7 

KH53 ARFO 14.414417 14.525944 May 13 10.9 

KH54 YOUROU 14.512167 14.459 May 13 9.9 

KH55 YIRI KELANGA 14.766667 14.700861 May 13 15.6 

KH56 TINGUIRTI 14.799722 14.741194 May 13 28.45 

KH57 AFIT 14.812472 14.847417 May 13 23.6 

KH58 OSSOUDI 14.731389 14.996222 May 13 25.2 

KH59 NOUKY 14.817389 14.555333 May 13 5.5 

KH60 DELEL 14.836583 14.660472 May 13 13.6 

KH61 KELENI 14.941056 14.795444 May 13 24.1 

KH62 ROUMBOU 14.937583 14.914917 May 13 24.7 

KH63 WOUREYE 15.0415 14.988028 May 13 20.6 

KH64 HAMDANGA 15.098972 15.137417 May 13 19.4 

KH65 KAKOU 15.048806 15.276833 May 13 14.8 

KH66 KALANAWORY 15.965 15.470972 May 13 14.1 

KH67 MATOUMOUSS 15.929889 15.506806 May 13 8.6 

KH68 AGRANGAYE 14.893167 15.458194 May 13 13.4 

KH69 NDJORDI 14.7985 15.429333 May 13 15.25 

KH70 TIMIDINGA 14.730556 15.363889 May 13 15.2 

KH71 MELASSOUAL 14.643722 15.405667 May 13 10.4 

KH72 AMHADJAR 14.608028 15.285389 May 13 13 

KH73 TCHOROG 14.653417 15.249667 May 13 9.3 

KH74 BOURKABOLOLO 14.662083 15.176222 May 13 18.6 

KH75 DJAGANANGA 14.7185 15.097806 May 13 18.8 

KH76 EYMANGA 14.724056 14.895056 May 13 26.3 

KH77 KOTTO 14.860972 14.546944 May 13 9.3 

KH78 NGOUREYE 15.057528 14.5325 May 13 18.9 

KH79 NGOURY 15.1 14.540528 May 13 24.7 

KH80 ELIANGA 15.2615 14.462722 May 13 12.9 

KH81 MAMPAL 15.278389 14.351361 May 13 6.48 

KH82 KOULAKOULA 15.286111 14.414667 May 13 4 

KH83 KOULAKOULA 15.28625 14.414917 May 13 3.4 

KH84 BOUTATOUKOULI 15.194556 14.226833 May 13 3.5 

KH85 SINET II 15.594861 13.754306 May 13 9.3 

AH201 TOGOUM 15.010833 14.208611 March 10 

AH202 ROYONO 14.854194 14.276389 March 10 17.3 
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AH203 SEDIGUI 14.308306 14.363806 March 10 19.5 

AH204 GUIM 14.388222 14.042028 March 10 3.8 

AH205 BOURKA BOLI 15.148778 14.295361 March 10 

AH206 BOUTOU/NGOURI 15.366714 13.66775 March 10 6.3 

AH207 WAGAM 14.591389 14.346417 March 10 11.2 

AH209 KISKRA 14.17028 13.80472 March 10 

TCHIDI BIREARI 15.594861 14.07083 Dec 13 5.81 

NGOURI 15.378194 13.6428889 Dec 13 1.98 

NGOURI 15.378861 13.6429167 Dec 13 5.23 

KARNA 15.644389 13.3432222 Nov 13 6.57 

KARNA 15.648278 13.3411667 Nov 13 6.39 

KARNA 15.6490278 13.3512222 Nov 13 7.06 

NOTE: Coordinates are measured in WGS 84 
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Annex 2: Statistical analysis of the chemical results  

Kanem region (129 samples) 

Parameter  Unit WHO limit  Average  Min Max SD 

pH 6.5 - 9.2 7.3 4.0 10.8 0.7 

TDS mg/l 1,500 328 111 1443 224.3 

EC µS/cm 1,500 350 98 1618 237.8 

K mg/l 11.0 2.1 40.1 8.4 

Na mg/l 200 24.7 3.7 149.0 26.0 

Mg mg/l 6.0 0.1 45.1 6.6 

Ca mg/l 29.6 2.5 245.0 31.1 

Cl mg/l 250 8.9 0.9 101.0 11.1 

SO4 mg/l 500 62.3 0.2 725.0 98.9 

HCO3 mg/l 90.9 2.4 352.0 77.1 

Fe (II) mg/l 0.3 0.4 0.004 12.8 1.3 

Mn mg/l 0.2 - 0.4 0.2 0.003 8.3 0.9 

NO3 mg/l 50 20.6 0.05 353.0 45.6 

Br mg/l 0.1 d.l. 0.7 0.1 

NH4 mg/l 0.2 0.4 d.l. 8.9 1.4 

NO2 mg/l 0.2 - 3 0.8 d.l. 26.3 3.5 

PO4 mg/l 0.6 d.l. 2.9 0.5 

F mg/l 1.5 0.2 0.003 1.6 0.2 

Al mg/l 0.2 0.25 0.008 12.30 1.42 

As mg/l 0.01 0.002 d.l. 0.006 0.002 

BO2 mg/l 0.14 0.03 1.95 0.20 

Ba mg/l 0.7 0.97 0.01 0.31 0.07 

Be mg/l 0.003 d.l. 0.032 0.007 

Cd mg/l 0.003 0.003 d.l. 0.003 0.003 

Co mg/l 0.022 d.l. 0.054 0.023 

Cr mg/l 0.05 0.007 d.l. 0.010 0.004 

Cu mg/l 0.2 0.03 d.l. 0.09 0.02 

Li mg/l 0.009 d.l. 0.172 0.020 

Ni mg/l 0.07 0.016 d.l. 0.203 0.079 

Pb mg/l 0.01 d.l. d.l. 

Sc mg/l 0.001 d.l. 0.001 0.001 

SiO2 mg/l 46.7 21.9 113.0 18.3 

Sr mg/l 0.19 0.01 1.16 0.18 

Ti mg/l 0.001 d.l. 0.005 0.001 

V mg/l 0.006 d.l. 0.023 0.004 

Zn mg/l 0.14 d.l. 8.69 0.87 
δ18O -3.8 -4.7 8.2 0.9 
δ2H -28.1 -33.3 37.7 10.0 
3H (TU) - - - - 

NOTE: d.l.: detection limit 
 SD: standard deviation 
 Values above the respective WHO limits are indicated in bold 
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Bahr el Ghazal region (56 samples) 

Parameter  Unit WHO limit  Average  Min Max SD 

pH 6.5 - 9.2 7.9 7.2 8.8 0.3 

TDS mg/l 1,500 1860 139 8159 1791.8 

EC µS/cm 1,500 1895 137 8993 1624.7 

K mg/l 58.7 3.6 311 54.9 

Na mg/l 200 422.6 7.3 1933 467.0 

Mg mg/l 23.6 0.6 144 27.6 

Ca mg/l 58.0 4.2 278 50.7 

Cl mg/l 250 88.2 1.6 810 156.7 

SO4 mg/l 500 480.4 3.6 2898 645.5 

HCO3 mg/l 711.2 27.8 2115 572.5 

Fe (II) mg/l 0.3 0.1 d.l. 2.0 0.3 

Mn mg/l 0.2 - 0.4 0.2 d.l. 1.1 0.3 

NO3 mg/l 50 38.1 0.05 431 70.1 

Br mg/l 0.6 0.004 4.1 0.8 

NH4 mg/l 0.2 0.8 d.l. 24.1 3.9 

NO2 mg/l 0.2 - 3 0.13 d.l. 0.9 0.2 

PO4 mg/l 1.3 0.01 9.36 1.6 

F mg/l 1.5 1.0 0.036 7.14 1.3 

Al mg/l 0.2 0.1 d.l. 1.2 0.2 

As mg/l 0.01 0.03 d.l. 0.25 0.06 

BO2 mg/l 0.6 0.02 3.68 0.8 

Ba mg/l 0.7 0.1 0.01 0.5 0.1 

Be mg/l 0.0006 d.l. 0.0007 0.0001 

Cd mg/l 0.003 0.003 d.l. 0.004 0.001 

Co mg/l d.l. d.l. 

Cr mg/l 0.05 d.l. d.l. 

Cu mg/l 0.2 0.018 d.l. 0.037 0.015 

Li mg/l 0.019 d.l. 0.098 0.018 

Ni mg/l 0.07 0.005 d.l. 0.007 0.001 

Pb mg/l 0.01 d.l. d.l. 

Sc mg/l d.l. d.l. 

SiO2 mg/l 51.1 17.1 77.4 16.1 

Sr mg/l 0.7 0.07 4.1 0.7 

Ti mg/l 0.002 d.l. 0.011 0.002 

V mg/l 0.01 d.l. 0.06 0.01 

Zn mg/l 0.14 d.l. 4.4 0.6 

δ18O -0.6 -4.9 8.2 3.9 
δ2H -11.7 -35.6 40.4 22.4 
3H (TU) 1.4 0 10.4 2.2 

NOTE: d.l.: detection limit 
 SD: standard deviation 
 Values above the respective WHO limits are indicated in bold 

 

All in-text references underlined in blue are linked to publications on ResearchGate, letting you access and read them immediately.


